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Abstract. Unsupported drying of microdroplets of colloidal suspension can lead to the formation of complex
micro-morphologies with quasi-spherical symmetry. Herein, drying of levitating microdroplets of suspen-
sion of SiO2 nanospheres in diethylene glycol (DEG) with sodium dodecyl sulfate (SDS) is reported as a
method for producing such microstructures with diversely developed surfaces. Dried products are “soft-
landed” on a substrate and studied with scanning electron microscopy (SEM). The smallest SDS/SiO2
composites with the surface formed of crystallised SDS and interior ﬁlled with SiO2 nanospheres preserve
the spherical symmetry. Larger microdroplets with higher initial mass fractions of SDS dry up to developed
microstructures with SiO2 nanospheres arranged in-between the crystallised SDS ﬂakes which are similar to
curved lobe cabbage leaves or “desert rose”-like structures with radially directed SDS crystals. Largest mi-
crodroplets with highest initial mass fractions of SDS formed doughnut-shaped micro-containers ﬁlled with
aggregated SiO2 nanospheres. In all these, SiO2 nanospheres served as a frame for the SDS crystallisation.
1 Introduction
Evaporation-driven assembly of nanoparticles in a drying microdroplet is an ideal mechanism for building micro- and
nanostructured materials with tailor made properties at scales where direct structural manipulation is impossible.
Over the years, a number of bottom-up methods [1–10] have been reported for obtaining the ﬁnal dry products by
drying of microdroplets with a variety of solid inclusions. These methods have been categorised by [11] into two as
the wet-self assembly (WSA) and the dry-self assembly (DSA) methods. The WSA approaches are usually based on
using emulsions. The spherical aggregates are formed by the arrangement of the suspended particles inside the droplets
emulsiﬁed in the liquid [12]. Well-known drawbacks associated with the WSA methods are mainly due to the necessity
of demulsiﬁcation processes allowing extraction of the ﬁnal dry micro- or nano-products and the diﬃculty in controlling
the shape of the ﬁnal products. The fabrication of solid capsules known as the colloidosomes [8], highly monodispersed
spherical crystalline colloidal arrays (CCAs) [4] and of low-dimensional super-particles complex rattle-like structures
and 2D plates [13] are typical examples based on the WSA method.
Techniques employing DSA methods are often considered to be more favourable in comparison to the WSA meth-
ods [1, 11, 12]. The DSA methods are mostly based on approaches where droplets of colloidal suspensions are dried
in spray dryers [3, 9, 14], on solid surfaces [1, 5, 7] or in Leidenfrost levitation [6]. The most often used method is the
spray drying technique [14,15]. Creating complex micro- and nano-structured morphologies of nanosphere assemblies
using spray drying is very appealing, but the process is suﬃciently diﬃcult and materially consuming from ﬁrst prin-
ciple [15–17]. Methods based on drying microdroplets of colloids on substrates are characterized by a strong impact of
the wettability and treatment of the substrate surface on the ﬁnal structure formation [10]. Similarly, the use of the
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Leidenfrost eﬀects has its own demerits. The method depends not only on the solvent nature but also on the substrate
properties. Moreover, the bulk thermal conductivity of the substrate should guarantee suﬃcient transfer of energy
from the substrate to the droplet [6, 18].
Recently, we reported a versatile DSA method [19, 20] of formation of highly ordered spherical aggregates from
drying microdroplets of colloidal SiO2 suspension by the evaporation of single microdroplets levitated in the linear
electrodynamic quadrupole trap [21–23]. The use of electrodynamic trapping of microdroplets of colloidal suspensions
provide a contactless versatile solution. It allows unsupported drying of the solvent/dispersion media [24, 25], control
and retention of the droplets/aggregates [26] as well as singly deposition (“soft-landing”) of the ﬁnal products with
well-deﬁned symmetries [19, 20]. The technique requires less material implementation from ﬁrst principles and does
not require any pre-treatment of the substrates on which the dried particles are deposited.
It is known that the morphology and properties of the ﬁnal micro- and or nano-structured dry products assembled
via evaporation-driven processes can equally be modiﬁed by several mechanisms. These may include: chemical trans-
formations [27], charge tuning [3], number concentration of the particles inside the initial droplet [5,28], choice of the
solvent and nanoparticle sizes [7,29] as well as the addition of surfactant to the initial droplet composition [1,30]. The
latter is known to have an eﬀect on the interfacial tension and thereby on the shape of the droplet [31,32].
The anionic surfactant, sodium dodecyl sulfate (SDS) is perhaps one of the most widely studied surfactant with
unique physical properties [33–36] that has found many applications in science and technology. The role of SDS in
evaporation-driven assembly of nanoparticles have been widely explored [6, 29, 37–42]. For example, [37] used SDS
as a capping agent to synthesise rose-like BiOBr nanostructures with exposed {111} facets via a facile solvothermal
route. SDS has also been used with inorganic SiO2 as a soft matrix component to produce hollow nano-composite
capsules through evaporation-induced self-assembly by spray drying technique [29]. Reference [38] also used diﬀerent
molar ratios of SDS as a structure-directing agent for ZnO nanostructure synthesis by hydrothermal method at
an elevated temperature. In their work, they observed that, increasing the amount of SDS to the mother liquor
with constant amount of cetyltrimethylammonium bromide (CTAB) resulted in diﬀerent morphologies of the ZnO
nanostructures, from rods-spherical outlines and branched rod-like shapes to close-ranked structures of nanoparticles.
Similarly, through hydrothermal route, [40] successfully synthesized 3D ﬂower-like ZnO architectures assembled with
numerous nanosheets with the aid of SDS. It has also been demonstrated that SDS is a highly eﬀective structure-
directing agent for producing box-like structures [41] and is observed elsewhere to cause complete suppression of the
buckling phenomenon above an optimal value of 1% by weight [42]. Additionally, Blanch et al. [39] found out that
attractive depletion in SDS was preferential for carbon nanotubes of larger diameter at higher concentrations of SDS.
To date, much less is known about the formation of complex microobjects with distinctively diﬀerent, but controlled
initial droplet parameters per-drop basis. Similarly, methods allowing purposive microobject morphology transforma-
tions by diﬀerent concentrations (or mass fractions) of SDS in drying microdroplets, unperturbed by the presence of
substrates, walls or chemicals are yet to be explored. Herein, we present a study based on electrodynamic levitation
technique for drying composite microdroplets of colloidal suspensions and “soft-landing” of the dried microobjects
for oﬀ-line scanning electron microscopy (SEM) imaging to explore drying of complex, multi-component mixtures of
micro- and nano-droplets on a per-drop basis. The droplet is suspended in the linear electrodynamic quadrupole trap
(LEQT), allowing unsupported solvent drying processes and microobject morphology evolution. The quasi-spherical
symmetry is imposed on the drying microobject by the surface tension forces, which constitutes the uniqueness of the
method. The single dry microobjects are deposited on a silicon substrate after solvent/dispersion medium evapora-
tion and further analysed oﬀ-line with a SEM. Diﬀerent microobjects of distinct shapes and sizes were obtained by
tuning the initial parameters (size and the concentration of SDS) of the composite microdroplets in the mixture of
DEG/SDS/SiO2/H2O colloidal suspension.
2 Experimental section
2.1 Materials and sample preparation
Diethylene glycol (DEG, BioUltra, purity ≥ 99.0% (GC)) and sodium dodecylsulfate, (SDS, ACS reagent grade, purity
≥ 99.0%) were both purchased from Sigma-Aldrich. DEG is a widely used solvent and is well-known for its eﬃcient
stabilisation of nanoparticles [43] and hence was chosen as a suitable solvent/dispersion medium for our sample prepa-
ration. Additionally, since DEG evaporates much slower than, e.g., water at room temperature, it was chosen as a
dispersion medium to model slow drying of the droplets under stabilised atmospheric conditions. Thus, it provides
enough drying time for the arrangement of the suspended inclusions in the droplet during the drying process. Colloidal
silica (SiO2) nanospheres (C-SiO2, 125 nm radius, initial mass and volume concentrations equal to 5% and 2.6%, re-
spectively) was purchased from Corpuscular Inc. The silica nanospheres were non-functionalised and were considered
to be negatively charged at the surface. However, the exact amount of charge of the individual silica nanospheres were
not measured. Diﬀerent molar concentrations (C) of DEG/SDS solutions (C = 20mM, 40mM, 70mM and 100mM)
were prepared by dissolving weighed SDS in a measured volume of DEG. The solution was then sonicated for about
Eur. Phys. J. Plus (2019) 134: 39 Page 3 of 12
Fig. 1. Experimental setup with the linear electrodynamic quadrupole trap (LEQT). M — mounted mirror for directing laser
beam into the trap; B — Blocker (for preventing stray droplets from contaminating the substrate surface); inset — photo of a
train of levitating droplets/aggregates with similar charge polarity naturally spaced equally along the vertical axis of the LEQT
as observed in the experiment by the imaging system.
15 minutes to ensure uniform mixing and passed through a syringe ﬁlter of pore size 0.22μm (Chemland, Nylon 66
SFNY025022N) to remove any unwanted residual solid impurities. A colloidal SiO2 (12.8mg of SiO2 nanospheres
in 0.25ml of the colloidal SiO2/H2O suspension) was then added to the ﬁltered DEG/SDS solution to form the
DEG/SDS/SiO2/H2O colloidal suspension. The ﬁnal suspension was again sonicated to obtain uniform mixing and
carefully transferred into the droplet-on-demand injector under controlled dust free environment to prevent contam-
ination of the samples. The initial mass fractions of the DEG/SiO2/H2O components in the DEG/SDS/H2O/SiO2
mixture was kept nearly constant for the variable SDS concentrations. All the samples were prepared in insulin sy-
ringes. The initial solution/suspension concentration of the droplets injected into the trap were assumed equal to the
prepared solution concentration [20].
2.2 Experimental setup and procedure
The experimental process involved three main stages: droplet generation, droplet evaporation/drying and single ag-
gregate (microobject) deposition (“soft landing”). The droplet evaporation/drying process took place at the centre
(vertical axis) of the LEQT. The trap consisted of four (4) spaced rod electrodes in a square pattern in vertical
alignment with two spaced annular electrodes around them. A schematic of the experimental setup is shown in ﬁg. 1.
The rod electrodes, driven with an AC voltage ∼ 10 kV, provided a time-varying quadrupole ﬁeld that was used to
constrain droplets to a point in the two-dimensional plane perpendicular to the rod axes, producing a line of stability
along the geometric centre. A stabilising loop DC voltage (up to ±1.1 kV) driven by a PID-type software controller
was applied across the two annular electrodes to balance the weight of the constrained droplets. The DC voltage could
also be regulated manually to control the vertical position of the droplet(s)/aggregate(s) along the line of stability in
the trap. The LEQT was contained in a small climatic chamber made of double-walled air tight chamber that could be
cooled/heated with Peltier elements. Hence, the temperature and atmospheric parameters (e.g., humidity) in the trap
were controlled. An average temperature of 296.2 ± 0.1K and relative humidity of 30 ± 3.5% was maintained for all
the droplet drying processes. The chamber was equipped with four side ports together with a top and bottom ports.
The top and bottom ports served respectively for the laser light illumination of trapped droplets/aggregates along the
line of stability and for insertion of the aggregate deposition platform.
Generation of charged microdroplets with well repeatable charge polarity on a per-drop basis into the trap was
achieved with the droplet-on-demand injector [44] placed at one of the side ports of the LEQT. The sign of the charge
on each droplet injected into the trap was pre-controlled by a pair of charging ring electrodes (charger). The rings were
attached just in front of and just behind the ejection aperture of the nozzle. The approximate net charge (∼ 6× 105
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elementary charges) deposited on the droplet was very similar from injection to injection (i.e., same injection and
trapping parameters). However, its value was controllable only to a limited extend due to the presence of strong ﬁelds
around the trap electrodes. The droplet charge was considered constant since no droplet electrostatic ﬁssion (Coulomb
explosions) [45, 46] were observed for all the droplet compositions we studied. The approximate initial droplet size
was controlled with the parameters of the droplet-on-demand injector (nozzle diameter, driving pulse width, shape
and amplitude) [47]. However, we noticed that the initial diameters of microdroplets from the DEG/SDS solution
for the same injection parameters and same nozzles were larger in comparison to the droplets generated from the
DEG/H2O/SiO2 colloidal suspensions. This eﬀect was particularly visible for higher initial SDS concentrations and
should be well expected due to the reduction of the surface tension caused by the SDS.
Droplets injected into the trap were illuminated by a control laser beam directed by the mirror M, along the vertical
axis of the LEQT and were observed by the CCD camera placed at one of the side viewing ports. The live-view images
provided by the CCD camera were used for the droplet position ﬁnding via the PID-type software controller. This
enabled the droplet(s)/aggregate(s) positions to be stabilised along the vertical axis of the trap with the aid of the
DC voltage applied to the annular electrodes.
The dry aggregates/microobject deposition process was realised by slowly lowering the DC ﬁeld balancing their
weight at the desired moment in time. Typically, the solution/suspension microdroplets were dried for 45 minutes
to achieve fully dried stable and compact microproducts. The dry products were gently and singly deposited (“soft-
landed”) onto the silicon substrate placed on the deposition platform and further analysed oﬀ-line with SEM. The
dimensions of the microobjects were found directly from SEM with a dedicated software (SmartTiﬀ, Carl Zeiss SMT
Ltd.).
3 Results and discussions
3.1 Evaporation-driven SDS crystallisation and the aggregation of SiO2 nanospheres from DEG/SDS solution
and DEG/H2O/SiO2 suspension microdroplet
Before studying the microaggregates obtained from the dried composite microdroplets of the DEG/SDS/H2O/SiO2
mixture, we ﬁrst investigated the less complex situation as a basis for farther study, i.e. the crystallisation of SDS from
DEG/SDS solution and the aggregation of SiO2 nanospheres in microdroplets of DEG/H2O/SiO2 colloidal suspension.
These provided the necessary references for further analysis of the mutual inﬂuence of the SDS and SiO2 on the ﬁnal
morphology of the composite microobjects.
Figures 2(a) and (b) present SEM micrographs of the ﬁnal dry SDS crystallised microobjects obtained by drying
microdroplets of DEG/SDS solution. These microproducts are compared to SiO2 nanosphere aggregates (ﬁgs. 2(c)
and (d)) obtained from drying microdroplets of the DEG/SiO2/H2O colloidal suspension. It can be seen that the mi-
croobject shown in ﬁg. 2(a) was rather a ﬂat structure. A probable scenario was that, the SDS crystallised microproduct
was mechanically unstable and collapsed inwards under its own weight [48] after the deposition on the substrate. For
larger initial droplet diameter but at the same initial concentration of SDS, we obtained a micro apple-like 3D dry
SDS microobject (ﬁg. 2(b)). However, the crystallised surface of this SDS microproduct had cracks and pores. These
defects can be understood as due to the drying process. We anticipated that SDS crystallised into a porous network
of SDS surface ﬁlms or crystal layers at the droplet surface [18, 20]. This process is understood to be due to charge
shielding between the SDS micelles [49]. At a certain stage, the inner core of the SDS crystallised microobject may
have contained residues of the solvent. As the drying process proceeded, the solvent then evaporated from inside the
structure through the pores visible on the surface. However, it should be noted here that some of the cracks seen on
the surface may be artefacts created by the SEM imaging.
For DEG/SiO2/H2O colloidal suspension, the ﬁnal aggregates observed (e.g., ﬁg. 2(c)) were spherical. For initially
smaller microdroplets, they had regularly ordered SiO2 nanospheres at the surface, similar to the earlier ones we
reported in [19]. However, aggregates obtained from larger droplets (ﬁg. 2(d)) seemed to exhibit some translational
symmetry. This is mostly controlled by the drying rate.
Both SDS microcrystals and SiO2 nanospheres aggregates show only compact surface inheriting some of the spher-
ical symmetry of the initial droplet.
3.2 Morphologies of composite SDS-SiO2 microobjects
On the contrary, it can be seen from ﬁg. 3, that drying of composite microdroplets of DEG/SDS solution with H2O/SiO2
colloidal suspension for a variety of initial parameters leads to diverse structures exhibiting diﬀerent kinds of order. The
characteristic variation is associated with a diﬀerently developed surface. It can be attributed to the mutual inﬂuence
of SDS and the SiO2 nanospheres during the drying process. In order to probe this process, we used composite micro-
droplets of diﬀerent initial diameters and changed the initial concentrations of SDS. The most essential observation
was the stabilising role of SiO2 nanospheres, serving as the mechanical support for the SDS crystallised surface layers
compressed by the eﬀect of surface tension. However, SiO2 nanospheres themselves show no (or very little) order.
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Fig. 2. SEM micrographs of dried microproducts formed by the evaporation of free droplets composed of DEG/SDS solution
(a, b) and from DEG/H2O/SiO2 colloidal suspension (c, d). The initial mass proportions of the components in the droplets
were: DEG : SDS = 37 : 1 and DEG : H2O : SiO2 = 61 : 19 : 1. D0 is the initial microdroplet diameter.
The smallest observed composite microobject (ﬁg. 3(a)) was created from the microdroplet of initial diameter
∼ 10μm with 0.8% of initial SDS mass fraction. The drying process led to the formation of stable spherical SDS/SiO2
composite entirely covered on the surface by SDS crystal shells with interior ﬁlled with SiO2 nanospheres. However,
the internal structure of the SDS could not be inferred at this stage. Most probably, the visible surface defects
were pores associated with the slow evaporation of the DEG from inside through the surface layer of the SDS. The
SDS/SiO2 composite microobject shown in ﬁg. 3(b) was obtained with twice smaller mass fraction of SDS and from
a microdroplet with initial diameter of ∼ 23μm. The amount of SDS was apparently too small to cover the entire
surface of the aggregated SiO2 nanospheres. SDS however crystallised in the form of desert-rose–like structures (plates
perpendicular to the surface) with SiO2 in-between the SDS crystal rose ﬂakes. The microobject presented in ﬁg. 3(b)
is compared with another one corresponding to the same initial droplet parameters in ﬁg. 4. For the same initial
droplet diameters, composition and drying time, similar dry SDS/SiO2 composite microobjects with nearly similar
morphologies and ﬁnal sizes can be obtained without any structural variations.
From ﬁgs. 3(c) and (d), we infer that the ﬁnal morphology of the SDS/SiO2 composite microobjects with comparable
external sizes were dependent on the initial mass fraction of SDS in the DEG/SDS/SiO2/H2O mixture. Counter-
intuitively, the surface of the microobject corresponding to the smaller initial mass fraction of SDS (0.8%) (ﬁg. 3(c))
was covered with thick-stranded layers of SDS crystals whiles for higher initial SDS mass fractions (1.3%) (ﬁg. 3(d)),
SDS crystallised into structures of desert-rose–like form with open view (walled micro-compartment) to exposed
aggregated nanospheres of SiO2.
Still larger SDS/SiO2 composite microobjects obtained from larger microdroplets and at higher initial mass frac-
tions of SDS (2.0%) migrated towards cylindrical symmetry. The observed microobjects have the shape of a beetle-like
or thin foil bulbs (ﬁg. 3(e)), or even doughnuts (ﬁg. 3(f)). The external SDS crystallised surface served as a micro-
container for the randomly aggregated SiO2 nanospheres. Figure 5 presents a more systematic study of SDS/SiO2
composite microobjects obtained by drying microdroplets of diﬀerent initial diameters but at constant initial mass
fraction of SDS (1.3%). The smallest SDS/SiO2 composite microobject (ﬁg. 5(a)) had aggregated SiO2 layers ar-
ranged in-between the SDS crystallised ﬂakes. The SDS ﬂakes were similar to cabbage leaves (curved lobes) growing
on the surface towards the centre. With relatively small increase of the initial diameter of the microdroplets, we
observed a steady unfolding of the SDS crystallised surface foils (cabbage leaves) into the desert-rose–like structures
(ﬁgs. 5(b)–(d)).
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Fig. 3. A representative selection of SEM micrographs of deposited SDS/SiO2 composite microobjects obtained by drying
microdroplets of DEG/SDS/SiO2/H2O mixture with diﬀerent initial SDS mass fractions. The initial mass proportions of the
droplet compositions were: (a, c) DEG : SDS : H2O : SiO2 = 96 : 1 : 30 : 2; (b) DEG : SDS : H2O : SiO2 = 193 : 1 : 60 : 3;
(d) DEG : SDS : H2O : SiO2 = 55 : 1 : 17 : 1; and (e, f) DEG : SDS : H2O : SiO2 = 74 : 2 : 23 : 1. D0 is the initial diameter of
the microdroplet.
Fig. 4. SDS/SiO2 composite microobjects obtained by drying composite microdroplets of DEG/SDS/SiO2/H2O colloidal
suspension with 0.4% mass fraction of SDS. The initial diameters of the droplet in both cases was the same: 23μm.
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Fig. 5. Variety of SDS/SiO2 microobjects obtained from drying composite microdroplets of DEG/SDS/SiO2/H2O colloidal
suspension with constant initial mass fraction of SDS at 1.3%. The ﬁnal structures are: (a) cabbage-like microobject; (b) desert-
rose–like microobject; (c) desert-rose–like microobject; and (d) rose-like microobject. The initial mass proportion of the droplet
composition was: DEG : SDS : H2O : SiO2 = 55 : 1 : 17 : 1. D0 is the initial diameter of the microdroplet.
Similar trends of the impact of initial droplet size on the SDS/SiO2 composite structures were also manifested
for the higher mass fractions of SDS at 2.0% (ﬁg. 6). Here, the microobjects obtained for increased initial droplet
sizes showed an abrupt transition to doughnut-shaped structures with external SDS crystallised surfaces. In ﬁg. 6(a),
from an initially smallest microdroplet, we obtained a nearly spherical SDS/SiO2 composite microobject similar to
the one shown in ﬁg. 3(c). However, very few nanospheres of the SiO2 were visible at the surface of the structure. It
appeared that the SiO2 nanospheres aggregated inside the structure. For the droplets of larger initial diameters, the
dry SDS/SiO2 composite microobjects were doughnut-like structures. The nearly circular structure (ﬁg. 6(b)) changed
into deformed ring structures (ﬁgs. 6(c), (d)) with respect to increasing initial droplet sizes.
As illustrated in ﬁg. 7 and also in ﬁg. 3 to ﬁg. 6, SiO2 nanospheres aggregated either inside or outside the SDS
crystallised surfaces. It can be expected that the tendency reﬂects an interplay of coexisting but diﬀerent interaction
forces driving separately the SDS crystallisation process and the aggregation of the SiO2 nanospheres during the
droplet drying process.
3.3 Analysis of surface morphology evolution
In order to comprehend the morphology of the microobjects obtained from our experiments, we review the possible
mechanisms leading to the formation of the structures. A microdroplet of colloidal suspension can exhibit complex
transitory stages during the process of the evaporation of the dispersant (drying) [50,51]. Initially, the liquid evaporates
freely, which is accompanied and driven by heat transport towards the droplet surface [52,53]. The continuous loss of
liquid results in droplet surface recession and increase of SDS and/or the SiO2 concentration at the droplet surface.
Thus, the drying process is increasingly conducted through the interstices between the SiO2 nanospheres at the surface
and the surface layer of SDS. The ﬂow of solution through the interstices between the SiO2 nanospheres (pores at the
surface) can be grasped with the Darcy’s law [54,55] which relates the volume ﬂux Jv [m/s] with the permeability of
the medium k [m2], the ﬂuid viscosity μ [Pa · s] and the pressure drop ΔP across the porous material (radius of the
droplet R seems to be a good length scale) as
Jv =
k
μ
ΔP
R
. (1)
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Fig. 6. Variety of SDS/SiO2 microobjects obtained from drying DEG/SDS/SiO2/H2O colloidal suspension with 2.0% of SDS.
The external dimensions of the ﬁnal structures are: (a) spherical shape; (b) nearly circular ring; and (c, d) deformed ring. D0
is the initial diameter of the microdroplet.
The pressure diﬀerence ΔP driving the ﬂow of DEG/SDS solution towards the outer surface is composed of the Laplace
pressure due to the curvature of the droplet surface and the capillary pressure pc due to the porosity of the droplet
interior [31,55,56]:
ΔP =
2γ
R
+ pc, (2)
where γ is the surface tension of the droplet. The interaction of SiO2 particles via Van der Waals forces inﬂuences both
these pressures. Depending on the evolution stage and conditions, the capillary pressure can act either as an opposing
or driving force for DEG/SDS solution transport. The interplay of the Laplace and capillary pressures as well as the
interaction of SiO2 nanospheres seemed to have the leading inﬂuence on the evolution of morphology of the observed
aggregates/microobjects.
Since the Laplace pressure grows with decreasing curvature radius, the transport of the SDS solution from the
droplet interior towards the surface is more eﬀective for droplets with smaller radii. In a way, liquid is squeezed by
the surface tension from porous interior of the droplet like from a sponge (“sponging eﬀect”). This could explain why
smaller observed microaggregates/microobjects are covered with SDS crystals with nearly spherical shapes.
However, for bigger microobjects, spherical symmetry of surface structure is broken and the Darcy’s law does
not provide a suﬃcient explanation for their complex shape and the fractionalisation of SiO2 and SDS (e.g., ﬁg. 7).
Diﬀerences in interactions between SDS and the SiO2 nanospheres [38,57] or an interplay of depletion interactions [58,
59] between the two components in the droplet during the drying process with SDS serving as the depletant could be
considered.
For even larger droplets at high initial concentration ratio of SDS/SiO2, the transition from spherical to doughnut-
like shapes occurred. We expect that the spherical droplets initially dried isotropically and buckled into ﬁnal ring
structures with SDS crystallised shells supported by the SiO2 nanospheres. Such transitions can occur when the
lateral capillary forces driving the deformation of the droplet surface overcome the electrostatic forces stabilising the
suspended particles [6, 28,60,61].
In ﬁg. 8 we visualize one of the branches —constant initial mass fraction of SDS at 1.3%— of the evolution of
characteristic features of the dried microobjects. A (rough) estimation (∼ 30% accuracy) of fraction of surface coverage
by SDS and SiO2 nanospheres is shown as a function of the dry object ﬁnal size. Three regions of characteristic
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Fig. 7. Landscape of zoomed-in surfaces of SDS/SiO2 composite microobjects: (a) fully covered with SDS; (b) cabbage-like
foils; (c) rose of desert; and (d) doughnut. Silica nanospheres are rather densely but irregularly packed and hardly appear inside
crystallised SDS.
Fig. 8. Evolution of surface coverage fractions of SDS and SiO2 nanospheres on the dry microobject for the colloidal
suspensions (DEG/SDS/SiO2/H2O) with 1.3% of SDS. The initial approximate mass fractions of the components of the
DEG/SDS/SiO2/H2O mixture is DEG : SDS : H2O : SiO2 = 61 : 1 : 19 : 1.
features can be identiﬁed: i) small objects (below 12μm) had crystallised surface of SDS foils dominating (ﬁg. 5(a)); ii)
transitional structures with partially broken spherical symmetry (12–13μm) and aggregated SiO2 nanospheres inside
SDS pockets with radially directed sheets of SDS (ﬁgs. 5(b), (c)); iii) structures with unfolding of SDS surfaces, and
enclosing SiO2 nanoparticles (above 13μm, ﬁg. 5(d)).
On the other hand, we analysed the inﬂuence of increasing the initial mass fractions of SDS in the DEG/SDS/
SiO2/H2O mixture for various droplets upon the sizes of the dry microobjects (ﬁg. 9). Statistically, we identiﬁed
three characteristic size ranges in relation to the ﬁnal dry microobject symmetry and morphology. The microobjects
obtained with ﬁnal size ≤ 11μm had quasi-spherical symmetry (see, e.g., ﬁgs. 2(c), (d), 3(a), (c)). Within the range
from ∼ 12μm to ∼ 15μm (ﬁgs. 3(d), 3(e) and 5(a)–(c)) various microobjects with partially broken symmetry, ranging
from cabbage-like (curved lobes), desert-rose–like structures and thin foil bulb-like structures were obtained. The
morphology details of these products were strongly dependent on the initial mass fractions of SDS. For sizes ≥ 15μm,
doughnut-shaped (ﬁgs. 3(f) and 6) structures were obtained.
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Fig. 9. General statistics of the inﬂuence of increasing initial mass fractions (or concentration) of SDS in the DEG/SDS/
SiO2/H2O mixture for diﬀerent droplets upon the sizes of the ﬁnal aggregates/microobjects and their ﬁnal morphology.
4 Conclusions
We extended the method of drying microdroplets of colloidal suspensions in the LEQT to composite microdroplets
of DEG/SDS solution with H2O/SiO2 colloidal suspension and demonstrated that structures of diversely developed
surface, exhibiting diﬀerent kinds of order can be produced. The quasi-spherical symmetry imposed by surface tension
on a drying droplet is retained at microscale, though at nanoscale (surface structure) it is broken. SiO2 nanospheres
served as a frame for SDS crystalisation.
For small initial diameters of microdroplets of DEG/SDS/SiO2/H2O, we observed highly spherical shapes of dry
composite microobjects with SDS crystallised surfaces surrounding aggregated SiO2 nanospheres. Bigger dry composite
microobjects of SDS/SiO2 showed complex morphologies and were dependent on the initial droplet diameters and SDS
concentrations. We observed SDS foils as on cabbage and desert-rose–like microstructures with radially directed SDS
crystallised sheets. The biggest microobjects for higher initial mass fraction of SDS formed doughnuts with tiny SDS
surface sheets and contained randomly aggregated SiO2 nanospheres. The deformation of the observed doughnuts
varied depending on the initial droplet size. This variety of ﬁnal structures changing profoundly with relatively small
change of initial droplet parameters provide very interesting prospects since it corresponds to diﬀerent physicochemical
and optical properties.
The formation of small dry SDS-covered microobjects can be qualitatively grasped by applying the Darcy’s law
to a porous spherical DEG/SDS/SiO2 aggregate. The mechanisms of formation of larger microobjects can only be
tentatively inferred from other authors’ studies. The issues to be resolved are the role of SDS micelles in competi-
tion/cooperation in the SiO2 aggregate formation process, the de-mixing eﬀects of the crystallised SDS surface sheets
from the aggregated SiO2 nanospheres, inﬂuence of surface and suspended particles charge interactions and others.
We aim to pursue the concept further by exploring the use of diﬀerent surfactants in mixed composite droplets of col-
loidal suspensions. Currently, development of numerical models that will aid in further understanding of the inclusion
interactions, dynamics of the evaporation processes and other physical mechanisms are under way.
We have presented a rather simple and non-costly method for creating complex micro- and nano-structured ma-
terials. The uniqueness of the method consists in quasi-spherical symmetry of the material building blocks. Such an
approach can be used for engineering the morphology of spray-dried particles. It also opens prospect to developing
rigorous models of interaction mechanisms in aggregating colloidal systems.
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